Abstract Bacteriophages represent rapid, readily targeted, and easily produced molecular probes for the detection of bacterial pathogens. Molecular biology techniques have allowed researchers to make significant advances in the bioengineering of bacteriophage to further improve speed and sensitivity of detection. Despite their host specificity, bacteriophages have not been meaningfully leveraged in multiplex detection of bacterial pathogens. We propose a proof-ofprincipal phage-based scheme to enable multiplex detection. Our scheme involves bioengineering bacteriophage to carry a gene for a specific protease, which is expressed during infection of the target cell. Upon lysis, the protease is released to cleave a reporter peptide, and the signal detected. Here we demonstrate the successful (i) modification of T7 bacteriophage to carry tobacco etch virus (TEV) protease; (ii) expression of TEV protease by Escherichia coli following infection by our modified T7, an average of 2000 units of protease per phage are produced during infection; and (iii) proof-ofprinciple detection of E. coli in 3 h after a primary enrichment via TEV protease activity using a fluorescent peptide and using a designed target peptide for matrix-assisted laser desorption/ionization time-of-flight mass spectrometry analysis (MALDI-TOF MS) analysis. This proof-ofprinciple can be translated to other phage-protease-peptide combinations to enable multiplex bacterial detection and readily adopted on multiple platforms, like MALDI-TOF MS or fluorescent readers, commonly found in labs.
Introduction
There has been a renewed interest in the application of bacteriophages (phages) for the detection and control of bacterial pathogens. In the area of diagnostics, phages are attractive as detection elements due to their relative ease of production, host specificity, and potential for rapid signal amplification (Singh et al. 2012) . Furthermore, in comparison to immunological (Easter 2003) and PCR-based (Wolffs et al. 2005) detection methods, phage-based detection schemes can distinguish between viable and nonviable cells, as viable cells are required for phage proliferation (Denes and Wiedmann 2014) . This potentially means that phage-based diagnostics could have lower incidences of false positives. Several phagebased diagnostics have already entered the commercial market. bioMérieux (St. Louis, MO) has a product line called VIDAS® UP which leverages phage components for the detection of Salmonella, Listeria, and Escherichia coli O157. Sample6 (Cambridge, MA) uses a phage-delivered luciferase reporter for the detection of environmental Listeria.
Individual testing for multiple pathogens requires large sample sizes, numerous selective media and reagents, and a significant amount of time and technician labor. Multiplex methods, which use a single reaction sample to test for multiple pathogens, are attractive due to their reduced complexity and time to result. The majority of multiplex systems leverage Electronic supplementary material The online version of this article (doi:10.1007/s00253-015-6867-8) contains supplementary material, which is available to authorized users.
DNA-based (Settanni and Corsetti 2007) or immunologicalbased (Dunbar et al. 2003) methods and thus face the potential false positive issues due to the presence of dead cells. There has been limited research in applying phage in multiplex detection schemes. The work by Rees and Voorhees (2005) coupled phage amplification with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry analysis (MALDI-TOF MS) for the simultaneous detection of E. coli and Salmonella, but the majority of bioengineered phage-based detection schemes have leveraged enzymatic reporters, like luciferase, that do not lend themselves readily to a single-sample multiplex format (Schmelcher and Loessner 2014; Singh et al. 2012; Smartt et al. 2012) .
We propose a novel phage-based platform to enable multiplex detection of bacteria using phage bioengineered to carry genes encoding highly specific proteases, whose activity is detected by the cleavage of specific peptides (Fig. 1) . The phage provides specificity for a viable bacterial target, and the protease-peptide pair provides further specificity and lays the groundwork for single-sample multiplex detection. For our proof-of-principle, we genetically engineered T7, a phage with broad specificity for E. coli (Studier 1972) , to carry a gene for a protease from tobacco etch virus (TEV). TEV protease is a highly specific protease recognizing the amino acid sequence ENLYFQ(G/S), with cleavage between the Q and G or S amino acids (Kapust et al. 2001) . The cleavage event, indicative of the presence of TEV protease produced by viable E. coli cells following infection with the engineered T7, can be detected using various platforms. Our work demonstrates the successful (i) modification of T7 bacteriophage to carry TEV protease gene, (ii) expression of TEV protease by E. coli following T7 infection, and (iii) detection of E. coli in sample via TEV protease activity. To show that this scheme was applicable to multiple platforms, we detected protease activity two ways: first using a common fluorescent plate reader to detect the signal from a cleaved beacon peptide and second using MALDI-TOF MS to detect the production of a reporter peptide produced by the cleavage of a designed larger peptide. Both of these platforms are not only sensitive but also have the capability for high-throughput, multiplex screening of samples. We believe this scheme has the potential to be readily converted to other phage-protease-peptide combinations to enable multiplex detection of bacterial pathogens within a sample. Fig. 1 Phage-protease-peptide multiplex detection scheme. a Phage specific to a bacterial target is bioengineered to carry a gene for a specific protease. Protease acts on a specific peptide resulting in a unique fluorescent signal or peptide product. b Phage and corresponding peptides are added to a single sample. Signal is produced only if corresponding bacterial target is present in sample to produce the protease
Materials and methods
Bacterial strains, bacteriophage strains, media culture, and enumeration Both the bacterial strain E. coli BL21 and the bacteriophage T7 (T7Select® 415-1) were purchased from EMD Millipore (Billerica, MA). All overnight cultures of E. coli BL21 were grown in 150-mL flasks containing 35 mL of Luria Broth (LB), pH 7.5, incubated at 37°C with shaking at 200 rpm. The overnight cultures were serially diluted and spread plated on LB agar to confirm bacterial concentration for subsequent experiments. The titer of samples containing T7 bacteriophage was determined following the double agar overlay plaque assay on LB agar as commonly described (Kutter and Sulakvelidze 2005) .
Construction and isolation of engineered bacteriophage
Using standard molecular techniques, we engineered T7 bacteriophage to carry the TEV protease gene for overexpression within E. coli. We designed a gene cassette (Fig. 2) to enable T7-induced expression of TEV protease in E. coli and had the cassette synthesized within a pUC57 plasmid by GenScript USA Inc. (Piscataway, NJ). The TEV protease cassette was amplified with the iProof high-fidelity PCR kit (Bio-Rad Laboratories, Hercules, CA) using standard M13 forward and reverse primers. The PCR product was purified using QIAquick PCR Purification Kit (Qiagen, Valencia, CA) and then digested with restriction enzymes EcoRI and HindIII, both purchased from New England Biolabs (Ipswich, MA). The digested construct was then inserted into the T7Select® 415-1 genome using T4 DNA ligase (Promega, Madison, WI) and packaged using the T7Select® cloning kit (EMD Millipore) to create T7 tev (Fig. 2) . In parallel, we used the T7Select® kit's control DNA insert, which encodes for the S•Tag™, to create T7 control (Fig. 2) , a control phage which would not induce TEV protease expression. Both T7 tev and T7 control packaging reactions were propagated following the T7Select® kit's protocol and plated. Individual plaques were picked off plates using a sterile loop, dipped into 100 μL of LB, and stored at 4°C. The isolated plaques were screened with the iProof PCR kit for the appropriate size insert using the T7Select® Up and Down primers included in the cloning kit. Isolated plaques containing the appropriate sized insert were propagated on E. coli BL21, and the subsequent lysates screened to confirm the presence of the insert. These lysates were passed through a 0.22 μm SCFA filter (Corning Life Science, Corning, NY), stored at 4°C, titered, and used as the stock bacteriophage for subsequent experiments.
Fluorescent detection and quantification of TEV protease
Fluorescent detection of TEV protease activity was performed using the SensoLyte® 520 TEVActivity Assay Kit (AnaSpec, Inc., San Jose, CA). In a 96-well plate, 50 μL of sample was mixed with 50 μL of substrate, incubated at 30°C, and read every 10 min, over 90 min, using the Synergy 2 plate reader (BioTek Instruments, Inc., Winooski, VT) with Ex/Em filters 485/528 nm. For quantification of TEV protease in a sample, a standard curve was run using the TEV protease standards provided with the SensoLyte® Kit. Our TEV samples were in LB and the provided standards were in the kit's buffer, which meant the standards and our samples had a different base background noise. To account for this we compared V max , calculated using the Gen5 software (BioTek Instruments, Inc., Winooski, VT), of the fluorescence over 90 min between our samples and the standards to quantify the amount of TEV protease present.
Characterizing TEV protease production
An overnight culture of E. coli BL21, prepared as previously described, was serially diluted in LB to achieve 10 9 , 10 8 , 10 7 , and 10 6 CFU/mL; 900 μL of each dilution and a negative control of LB were placed in 15 × 100-mm test tubes and mixed with 100 μL of 10 3 PFU/mL of T7 tev in LB. Each combination was performed in triplicate. The samples were incubated at 37°C with 200 rpm shaking for 3 h. Samples were then passed through a 0.22 μm SCFA filter (Corning Life Science, Corning, NY), stored at 4°C, titered, and TEV protease activity fluorescently determined as previously described. The experiment was repeated with two separate overnight cultures to achieve biological triplicates.
Target peptide design and MALDI-TOF mass spectrometry analysis
We designed two 26-amino acid peptides, TEV-L and REF-L (Table 1) , to detect TEV protease activity using MALDI-TOF MS. TEV-L was designed to contain the TEV protease cleavage site, and when cleaved by TEV protease, produces two identical 13-amino acid peptides, TEV-S (Table 1 ). The REF-L (Table 1) peptide was used as an internal reference. Samples of both TEV-L and REF-L were synthesized by Biopeptide Co., Inc. (San Diego, CA), at 98 % purity. Samples were reconstituted in sterile water to make a 1 mM stock solution.
Reagents for MALDI-TOF MS analysis are as follows: trifluoroacetic acid (TFA), α-cyano-hydroxycinnamic acid (α-CHCA), and tetrahydrofuran (THF). TFA and α-CHCA were purchased from Sigma-Aldrich (St. Louis, MO), and THF was purchased from Fisher Scientific (Pittsburgh, PA). For MALDI-TOF MS analysis, 5 μL of a matrix solution (0.16 M α-CHCA in 69:30:1 % THF/H 2 O/TFA) was mixed with 5 μL of a sample; 2 μL of the matrix/sample mixture was then spotted onto a stainless steel target and the solvent was allowed to evaporate at room temperature. Analysis was performed using a Bruker Autoflex III smartbeam time-of-flight mass spectrometer (Bruker Daltonics, Inc., Billerica, MA). All spectra presented were obtained in reflectron mode and represent an average of 5000 shots acquired at 46 % laser power.
Detection of E. coli through TEV protease activity using fluorescence and MALDI-TOF MS Three colonies of E. coli BL21 streaked out onto an LB agar plate were selected, each put into 35 mL of LB in a 150-mL flask, and incubated at 37°C with shaking at 200 rpm for 16 h to simulate a primary enrichment. In a 150 mL flask, 150 μL of this primary enrichment was added to 35 mL of fresh LB and incubated for 3 h under the same conditions. Then 10 μL of T7 tev phage stock (1.08 × 10 11 PFU/mL) was added and the sample incubated for another 2 h under the same conditions. LB inoculated with 10 μL of T7 tev stock was used as a control. The resulting lysates were then filtered with a 0.22-μM filter to remove any cellular debris. Each lysate was analyzed in triplicate for TEV protease activity using the SensoLyte® fluorescent assay as previously described. For MALDI-TOF MS analysis, 12.5 μL of each lysate was mixed with 12.5 μL of solution containing 10 μM of TEV-L and REF-L peptides in TEV reaction buffer from the SensoLyte® kit. Samples were incubated for 1 h at 30°C, heated to 80°C for 10 min to deactivate any TEV present, and then cooled to 4°C until MALDI-TOF MS analysis.
Results

Constructing a TEV protease producing bacteriophage
To create our proof-of-principle phage-based enzymatic multiplex detection of bacteria, we designed a gene cassette containing a gene for TEV protease (Fig. 2a) for insertion in the T7 genome (Fig. 2b ), a phage with broad host range specificity for E. coli (Studier 1972) We built upon a TEV protease mutant S219V which was shown to be more stable and catalytically efficient than the wild type when expressed in E. coli (Kapust et al. 2001) . The S219V TEV protease gene is linked to a maltose-binding protein (MBP) at the N terminus by a short amino acid sequence containing the TEV cleavage site sequence, ENLYFQG, followed by a 6X His-tag. At the C terminus there is a 5X arginine tag. The MBP chaperone and ability of the protease to self-cleave from the chaperone was shown to increase the solubility and activity of the protease when expressed in E. coli (Kapust and Waugh 1999) Upstream of the start codon for MBP, we added the T7 promoter sequence and ribosome binding site sequence from the pET-3a plasmid (EMD Millipore), to allow for T7-mediated overexpression of the protease. The T7Select® cloning kits are designed to enable phage display, and the inserted peptide sequence is fused to 10B capsid protein of T7 (Novagen® 2001) We wanted the protease to be free in solution, not attached to the phage capsid, so we followed the example of Lu and Collins (2007) and added a stop codon in all three reading frames upstream of our T7 promoter. Lastly, we added the restriction site for EcoRI at the 5′ terminus of our cassette and the HindIII site at the 3′ terminus. We removed a HindIII site found within the TEV protease gene. Our gene cassette was synthesized by GenScript, Inc., and the codon s e q u e n c e s o p t i m i z e d u s i n g t h e i r p r o p r i e t a r y Bold letters designate the recognition sequence for TEV protease, and the hashtag indicates the cleavage site OptimumGene™ algorithm for expression within E. coli. The full sequence of our cassette can be found in Figure S1 or via GenBank, accession number KT183030. We cloned our cassette into the T7Select® 415-1 genome (Fig. 2c) and as a control cloned the T7Select® kit's control insert, encoding the S•Tag™ (Fig. 2d) . After cloning both inserts, we used PCR to screen plaques for phage that contained either our gene cassette or the control insert. We choose two plaques, 15 and 41, carrying our gene cassette and one plaque carrying the control insert, to look for TEV protease activity. We propagated the plaques in a broth of E. coli and after incubation filtered the lysates to remove any remaining cells. We took samples of each of the three lysates and tested for TEV protease activity using the SensoLyte® fluorescent TEV assay. We monitored fluorescence over 90 min and divided the signal by the signal of a known negative control, a sample containing only LB and the fluorescent peptide substrate (Fig. 3) . After 90 min, we could clearly observe an increase in fluorescence vs. the negative control in both phage samples carrying the TEV gene cassette and did not observe an increase in fluorescence in the phage sample carrying the control insert. We thus show that not only have we successfully introduced our TEV protease gene cassette in T7, but also that the protease is produced in an active form by E. coli following infection by our T7 tev . For all further experiments, we used T7 tev phage derived from our plaque 15 lysate.
Characterizing TEV protease production
In order to understand how much TEV protease was being produced and how many E. coli cells were needed to obtain a signal, we incubated several concentrations of E. coli BLS21, 10 9 to 10 6 CFU/mL, and a negative control of LB, with 10 2 PFU of T7 tev , for 3 h at 37°C. We then filtered the samples and monitored fluorescence over 90 min and normalized the signal to the negative control (Fig. 4) . We observed an increase in fluorescence vs. the negative control after 90 min in samples with a starting CFU/mL of 10 7 and 10 8 , but observed no increase in the others.
Using the TEV protease standards provided with SensoLyte® assay, we determined the amount of protease produced in the 10 7 and 10 8 CFU/mL samples to be 400 ± 300 ng of TEV/mL and 1500 ± 500 ng of TEV/mL, respectively (data not shown). TEV protease is a 25-kDa protein (Kapust et al. 2001) , and using its molecular weight, we can calculate the number of TEV protease molecules present per milliliter in these two samples to be 10 13.0 and 10 13.6
, respectively. The final phage titer of the 10 7 and 10 8 samples was determined to be 10 9.86 ± 0.06 and 10 10.17 ± 0.13 PFU/mL, respectively. Dividing the average number of molecules of TEV protease produced by the average amount of phage produced results in approximate values of 1380 and 2754 in the 10 7 and 10 8 samples, respectively, indicating that roughly 2000 molecules of TEV protease are produced for every phage produced by an infected E. coli BL21 cell.
Designing peptides for MALDI-TOF
MALDI-TOF mass spectrometry can detect small peptides with a relative molecular mass of ∼1000-3000 at sample concentrations as low as 1 nM, though as the complexity of the sample matrix increases the sensitivity typically decreases to >1 μM of target peptide (Hortin 2006) . We designed two peptides, TEV-L and REF-L (Table 1) , for detection by MALDI-TOF MS. TEV-L was designed so that when cleaved , and 10 9 CFU/mL) to that of a control with no cells, over time by TEV protease it would produce two identical peptides, TEV-S (Table 1) . This provided us with two advantages: first, a doubling in signal would be expected as for every cleavage of TEV-L we would get two TEV-S peptides and second, increased specificity would be present since cleavage of TEV-L by a protease other than TEV would likely not result in the production of two identical smaller peptides.
Detection of E. coli through TEV protease activity using fluorescence and MALDI-TOF For a proof-of-principle, we used a culture of E. coli BL21 grown from a single colony for 16 h in LB as a stand in for a nonspecific primary enrichment typically used for the detection of food-borne pathogens, like E. coli O157:H7 and Salmonella spp. (FDA 1998) . We took a portion of this primary enrichment and inoculated fresh LB, incubated for 3 h, then added our T7 tev , and incubated for another 2 h. The samples were filtered to remove any remaining bacterial cells and then analyzed for TEV protease activity using the fluorescent kit (Fig. 5) and MALDI-TOF MS (Fig. 6) . Both methods were able to detect TEV protease activity in the samples containing E. coli. In the majority of the E. coli-positive samples, MALDI-TOF MS analysis could not detect any remaining TEV-L, whereas a TEV-S peak was always observed.
Discussion
In this work, we demonstrate the production of a highly specific protease delivered by an engineered phage for the detection of E. coli using fluorescent and MALDI-TOF MS platforms. While the bioengineering of reporter phage is not new (Schmelcher and Loessner 2014; Singh et al. 2012; van der Merwe et al. 2014) , to our knowledge we are the first to demonstrate the use of a protease as a reporter with application in multiple detection platforms. While our proof-of-principle is specific for E. coli, we believe our scheme can be readily modified for the detection of other bacterial species in combination with other specific proteases. Successful bioengineering of phage specific for other species, like Salmonella and Listeria, has been well demonstrated (van der Merwe et al. 2014) . The successful expression of viral proteases in gramnegative bacteria, like E. coli, has also been demonstrated (Graves et al. 1988; Liu et al. 1999; Raran-Kurussi et al. 2013 ). This phage-protease-peptide combination lays the groundwork for a novel multiplex detection scheme of various bacteria within a sample.
Of the two platforms we leveraged for the detection of E. coli via phage-induced TEV protease activity, fluorescence is likely the most widely adoptable. Fluorescent/luminescent readers, both high-throughput, like Synergy™ 2 (BioTek) or GloMax® (Promega), and smaller mobile readers, like the Quantus™ Fluorometer (Promega), are commercially available and commonly used. There is also a wide range of fluorescent/quencher markers for substrate-based protease probes (Sanman and Bogyo 2014; Xia et al. 2008) suggesting that a mature phage-protease-fluorescent peptide multiplex scheme could be easily implemented by many laboratories.
The upfront equipment cost necessary for a MALDI-TOF MS system may be higher than that of a fluorescent system, but the cost is lowering to the point that when combined with the low cost and high speed of sample analysis, MALDI-TOF systems are beginning to be adopted in high-and low-resource countries (Fall et al. 2015; Martiny et al. 2014; Neville et al. 2011) . MALDI-TOF MS analysis offers several advantages for our detection scheme. The first is the higher resolving power of MALDI-TOF MS over fluorescence. MALDI-TOF MS differentiates small peptides based on their mass-tocharge (m/z) ratios, and they need only differ by a couple m/ z units to be easily distinguished. One could readily design a very wide range of peptides for detection, and thus, the breadth of the multiplexing capability is much greater with MALDI-TOF MS. To expand the breadth of multiplexing with a fluorescent readout, one would need to incorporate more and more fluorescent molecules whose emission spectra may not be resolved well. The second advantage MALDI-TOF MS offers is specificity. There is the possibility that a given sample may contain an extraneous protease that cleaves our peptide, producing a signal in our fluorescent scheme, resulting in a false positive. The TEV-L peptide is designed to be cleaved into two identical peptides, TEV-S, by TEV protease. It is unlikely that the activity of another protease would result in peptides whose m/z ratio would be identical to TEV-S. Thus, using the MALDI-TOF MS platform we can be further assured that the signal we measure is only due to TEV protease activity, which would only be present if viable E. coli, infected by T7 tev , were present in the original sample. A third advantage to the MALDI-TOF MS platform is the signal amplification inherent in our scheme, where TEV protease cleavage of the TEV-L peptide results in two TEV-S peptides. This can be observed by comparing the signal TEV-L to REF-L in the control to the signal of TEV-S to REF-L in the E. coli-positive samples (Fig. 6) . There is the potential that this signal amplification and the sensitivity of the MALDI-TOF MS could improve the bacterial limit of detection beyond that of the fluorescent scheme, which is approximately 10 7 CFU/mL (Fig. 4) . Further work determining the limit of detection for the peptides, optimizing the sample matrix for both TEV activity and background signal, and the use of sample enrichment tools that can be readily coupled with MALDI, like surface-enhanced laser desorption/ ionization (Tang et al. 2004 ), need to be explored before understanding if this benefit can be realized.
PCR-based detections methods have clearly demonstrated their sensitivity, though DNA contamination remains a challenge. Coupling PCR with a sample pre-treatment of ethidium bromide monoazide or propidium monoazide, dyes that irreversibly bind DNA, has been shown to enable PCR-based differentiation of viable and non-viable cells (Kobayashi et al. 2009a; Rudi et al. 2005; Wang and Mustapha 2010) . Studies, however, suggest more research is needed to optimize the successful use of these dyes. When used at low concentrations, interfering compounds or high levels of non-viable cells, both of which may be found in environmental or foods samples, can still result in false positive (Seinige et al. 2014; Taylor et al. 2014) . At high concentrations, these dyes are toxic, expensive, and have been shown to have a negative effect on the detection of DNA from viable cells of clinical important pathogens (Kobayashi et al. 2009b; Nocker et al. 2006; Taylor et al. 2014) . It therefore seems prudent to further probe the capabilities and potential applications of phagebased detection of viable bacterial cells.
A challenge for phage-based bacterial detection is the condition of the target cell. Environmental conditions, temperature, bacterial growth rate, membrane composition, and cell injury are all factors that have been shown to impact the success of phage infection and subsequent productivity of infection (Denes and Wiedmann 2014) . This is a key reason we focused on bacterial detection following primary enrichment, to ensure the cells were in a state favorable for infection. In fact, when we looked for TEV activity in samples containing 10 9 CFU/mL, we could detect none (Fig. 4) . This likely occurs because at a concentration of 10 9 CFU/mL, the majority of E. coli cells are in stationary rather than log phase, thus significantly limiting cell growth and phage replication. To address this upper limit, we added a step where a portion of the primary enrichment sample was added to both fresh and incubated to allow the cells to reenter log phase before the addition of phage. Another reason for primary enrichment is that the level of a pathogenic bacteria in a sample like food can be quite low, and the sample sizes needed to detect their presence are large enough, 25 to 375 g (FDA 1998), to make detection without an enrichment step unfeasible. A study by Zhao and Doyle (2001) found that injured pathogenic bacteria only grew to levels between 10 4.0 and 10 8.3 CFU/mL when revived in pre-enrichment broth after 24 h. A study by Suo and Wang (2013) , using SEL broth (Kim and Bhunia 2008) , found that injured pathogenic cells of E. coli, Salmonella, and Listeria reached levels >10 9 CFU/mL after a 20-h enrichment. These studies further highlight the need for the appropriate enrichment conditions to ensure bacterial growth and successful detection. In future work, we intended to implement a concentration step, either filtration-based or using phage-based magnetic bead separation (Chen et al. 2015) , following appropriate primary enrichment conditions to ensure that necessary cell concentrations are consistently achieved.
In summary, bioengineering of bacteriophage offers novel platforms for the specific and sensitive multiplex detection of bacterial pathogens within a sample. By utilizing molecular reporters with multiple modes of detection, one can adapt a base technology, in this case phage-based enzymatic reporters, to meet the varying capabilities of laboratories around the world. To further explore this multi-platform approach to detection, our lab is also designing a paper-fluidic, immunolateral flow assay for maltose-binding protein, a by-product of our T7-mediated overexpression of TEV protease, as an alternative detection method for the presence of E. coli that can be performed in resource-limited environments, like onfarm. Continued research and novel phage constructs will further expand the application and use of phage-based diagnostics for bacterial detection in the real world.
